This study evaluated the mechanical and ultrastructural changes during eggshell formation in laying hens by using the optimal levels of organic and inorganic manganese (Mn). A total of 270 62-wkold Hy-Line Brown laying hens were fed a basal diet containing 25.1 mg Mn per kg feed for 2 wks, after which they were randomly allocated into 3 groups and fed the basal diet (control) or the basal diet supplemented with 120 mg Mn per kg feed from monohydrate Mn sulfate (an inorganic source of Mn), or 80 mg Mn per kg feed from an amino acid-Mn complex (an organic source of Mn) for 12 wks. For each group, 6 replicates of 15 hens were used with one hen per cage. Dietary Mn supplementation significantly increased eggshell-breaking strength and thickness in laying hens (P < 0.05). In neither was the elasticity of their eggshell membranes, measured during the nucleation and mammillary knob formation stages, affected by dietary Mn compared with the control (P > 0.05), whereas the breaking strength of the eggshells was greater at the linear and terminate deposition stages compared with the control (P < 0.05). Dietary Mn supplementation decreased the width of the mammillary knobs and the proportion of mammillary thickness, and increased the proportion of effective thickness of the whole eggshells (P < 0.05). Ultrastructural changes during the eggshell formation indicated that dietary Mn supplementation increased the nucleation site and mammillary knob densities, decreased the mammillary thickness, and increased the proportion of effective thickness and total thickness of the eggshells compared with the control (P < 0.05). Therefore, dietary Mn supplementation can improve the breaking strength and ultrastructure of the eggshells during their formation, and the mammillary and palisade layers are both crucial structures affected by Mn.
INTRODUCTION
The ultrastructure of an eggshell is considered the major determinant of its quality (Rodriguez-Navarro et al., 2002) and has biological and economic significance for the poultry industry. The eggshell is built on shell membranes, and then forms the mammillary knob layer, the palisade layer, the vertical crystal layer, and the cuticle (Arias et al., 1993; Nys et al., 1999) . The palisade layer is the thickest part of an eggshell (Fathi et al., 2007) . It was reported that the average size, shape, and orientation of calcite crystals in the mammillary and palisade layers contribute to affect the mechanical properties of the eggshells (Ahmed et al., 2005; Dunn et al., 2012) . The early fusion of the interstitial spaces and their subsequent small spaces in the palisade layer lead to increased fracture resistance (Fathi C et al., 2016) . Furthermore, the thickness of the palisade and mammillary layers and the density of mammillary knobs are closely related to eggshell strength (Radwan et al., 2010; Dunn et al., 2012; Radwan, 2016) . These studies indicate that the mechanical properties of an eggshell may be improved by strengthening its ultrastructure.
As an egg traverses down the oviduct, the calcium carbonate is deposited on the fibers of the outer shell membrane and begins its precipitation to form eggshell, and the organic constituents in uterine fluid, e.g., keratin and dermatan sulfate proteoglycans and matrix proteins, are simultaneously deposited in a precise spatiotemporal sequence during the process (Fernandez et al., 1997; Arias et al., 2002; Nys et al., 2004) ; the proteoglycan is one of the important factors in eggshell fabric, especially at the nucleation stage (Fernandez et al., 2001 ). Formation of a calcified eggshell begins when the egg migrates into the red isthmus at ∼5 h post oviposition (PO), with the first nucleation sites depositing on the outer membrane. The egg then migrates into the uterus and calcification continues during 3 additional 2699 stages: the initial stage (5.5 to 10 h PO), the linear deposition stage (10 to 22 h PO), and the termination stage (22 to 24 h PO). The mammillary layer increases in height via additional calcification at the existing nucleation sites during the initial stage. The palisade and vertical crystal layers are formed with calcium carbonate deposition during the linear deposition stage, and crystallization ends with cuticle secretion during the termination stage (Solomon, 1991; Gautron et al., 1997; Nys et al., 1999 Nys et al., , 2004 , with the eggshell then being a highly ordered and mineralized structure.
Trace elements may affect eggshell quality, as they are components of metalloenzymes involved in eggshell formation, or by interacting with the growing calcite crystals (Mabe et al., 2003) . Manganese (Mn), an essential trace element for poultry, can activate glycosyl transferase that is involved in the formation of proteoglycans , which contribute to form nucleation sites and regulate the growth and orientation of the calcite crystal during shell formation (Fernandez et al., 1997 (Fernandez et al., , 2001 . Dietary Mn supplementation improves the eggshell quality by increasing the breaking strength of the eggshells (Leach and Gross, 1983; Świ atkiewicz et al., 2015; Xiao et al., 2015) , which is positively regulated by altering the eggshell ultrastructure (Stefanello et al., 2014; Xiao et al., 2014) . However, the specific role and mechanism of dietary Mn supplementation on shell ultrastructure is unclear, and has not been reported so far. In addition, several studies have reported that the organic microelements improved eggshell quality more significantly than their inorganic forms (Swiatkiewicz and Koreleski, 2008; Gheisari et al., 2011; Stefanello et al., 2014) . Our previous study also observed that there was a high efficiency of organic Mn on eggshell quality when compared with inorganic Mn (Xiao et al., 2015) . These studies infer that the role of organic Mn on shell quality was more effective than the inorganic Mn. However, it is unclear whether the dietary organic and inorganic Mn supplementation affects shell quality and ultrastructure in different ways. Our recent study observed that diets supplemented with inorganic and organic forms of Mn (40, 80, 120, or 160 mg/kg per feed) linearly and quadratically improved the breaking strength and thickness of the eggshells, which were affected by their ameliorated ultrastructure in Jing Brown laying hens (48 to 55 wk). Moreover, we found that a supplement of ∼120 mg Mn per kg feed from monohydrate Mn sulfate or ∼80 mg Mn per kg feed from amino acid-Mn complex (when included in a cornsoybean basal diet containing 32.7 mg Mn per kg feed) was optimal of their sources, respectively, and there were no differences in the breaking strength and thickness of the eggshells between them (Zhang et al., 2017) . The eggshell ultrastructure is formed in a spatiotemporal process during shell formation, but how it may be modulated by dietary Mn supplementation in inorganic or organic Mn has not been reported.
Thus, the current study was designed to assess the effects of dietary Mn supplementation on the mechanical properties and ultrastructure of the eggshells and their changes during eggshell formation in laying hens. This study improves our understanding of the relationship between the ameliorated strength and ultrastructure and dietary Mn supplementation.
MATERIALS AND METHODS

Experimental Design and Diets
The Animal Care and Use Committee of the Feed Research Institute of the Chinese Academy of Agricultural Sciences approved this study. A total of 270 62-wk-old Hy-Line Brown laying hens were fed a basal diet for 2 wks and then randomly allocated into 3 groups that were fed the basal diet (control) 
Sample Collection
At the end of wks 4, 8, and 12 of the treatment period, a total of 108 eggs per treatment were used to determine mechanical properties, which were collected on 3 successive d with 6 replicates of 6 eggs per replicate. At the end of the trial, at 5, 9.5, 18.5, and 22.5 h PO to coincide with the nucleation, mammillary knob deposition, crystal linear deposition, and cuticle formation stages, respectively, one bird from each replicate was sacrificed by cervical dislocation. Eggs were taken from those hens to measure the mechanical properties and ultrastructure of their eggshells. Each treatment had 6 replicates of one egg each at each stage.
Laying Performance
The number of eggs and their weights were recorded daily. Feed consumption by each replicate was recorded weekly.
Mechanical Properties of the Whole Eggshell and Partially Formed Eggshell with PO Time
Eggshell thickness and breaking strength were determined using an Egg Shell Thickness Gauge and Egg Force Reader (Israel Orka Food Technology Ltd., Ramat Hasharon, Israel). The eggshell fracture toughness was measured according to the formulas of Mabe et al. (2003) . Fracture toughness (N/mm 3/2 ) is influenced by the nature and magnitude of inherent defects within a material and is formulated as [0.777 × (2.388 + (2.9934 (6/R))] (F/T 3/2 ), where R is the radius of curvature (mm), F is the breaking strength (N), and T is the eggshell thickness (mm). Eggshell weight was measured after washing its interior membrane and drying overnight at room temperature. The eggshell ratio was calculated as eggshell weight/egg weight × 100. The egg shape index was calculated as length of the egg divided by its width.
At the end of the experiment, the changes in eggshell mechanical properties during its formation were measured. The elasticity of the membranes was measured at 5 and 9.5 h PO. The elasticity was defined as the displacement (mm) between 2 consecutive compressions of an egg that resulted in a 30% deformation. The breaking strength of the calcified shells was measured at 18.5 and 22.5 h PO. The elasticity and breaking strength were measured by quasi-static compression using a Texture Lab Pro (TMS-Pro, Food Technology Corporation. Sterling, VA). Each treatment had 6 replicates with one egg each.
Ultrastructure of the Whole Eggshell and Partially Formed Eggshell with PO Time
Two pieces of each eggshell ∼0.5 cm 2 from its equatorial section were subjected to scanning electronic microscopy (SEM; FEI Quanta 600, Thermo Fisher Scientific Ltd., Portland, OR). Before imaging, both the inside and outside of each eggshell were washed with distilled water to remove dirt, and then each eggshell was dried overnight. To observe the eggshell ultrastructure by SEM, samples were first mounted onto copper blocks and then coated with gold powder. The effective thickness (combined palisade, vertical crystal, and cuticle sections, μm), mammillary thickness (μm), and width of the mammillary knobs (μm) were measured using the SEM ruler according to Dunn et al. (2012) . The mammillary thickness was taken as the length from the top of the membrane to the bottom of the palisade layer. The average width of the mammillary knobs was calculated as the length of the mammillary knobs/the number of the mammillary knobs. The total thickness referred to the combined effective and mammillary thickness. The effective and mammillary layers (%) are the thickness of each layer relative to the total thickness. Each treatment had 6 replicates of 6 eggs each, and 2 samples were examined for each egg, with 2 images taken for each sample.
At the end of the experiment, the changes in eggshell ultrastructure during its formation were measured. Membranes and calcified eggshells obtained from the eggs at different stages of eggshell formation were sampled to assess their ultrastructure by SEM. The densities of the nucleation sites and mammillary knobs were measured for eggs at 5 and 9.5 h PO, respectively. The mammillary and effective thickness, and mammillary knob width were measured for eggs at 18.5 PO. The total thickness, effective thickness, mammillary thickness, and mammillary knob width were measured for eggs at 22.5 h PO. The effective and mammillary thickness, and mammillary knob width were measured using the SEM ruler. Each treatment had 6 replicates with one egg each, and for each egg 6 samples from the sharp, equatorial, and blunt areas of the eggs were examined, with 3 photographs taken for each sample.
Statistical Analysis
The normality of the data and homogeneity of the variances were first tested. Then, all data were analyzed with ANOVA using SPSS 16.0 for Windows (SPSS Inc., Chicago, IL). The means were separated using Turkey's multiple comparison test when significant differences were found by ANOVA analysis. A P-value of 0.05 or smaller was considered significant. Data are expressed as mean ± SE.
RESULTS
Laying Performance
From 62 to 63 wk of age (pre-trial period), all birds were fed the same basal diet and they showed normal performance without significant differences (P > 0.05, data not shown). During 64 to 75 wk, dietary Mn supplementation did not affect the egg production, average egg weight, ADFI, and feed conversion ratio (P > 0.05, data not shown), and their mean values of all birds were 84.6%, 64.6 g, 124 g/d per chick, and 2.23 g/g, respectively.
Mechanical Properties of the Whole Eggshell and Partially Formed Eggshell with PO Time
The effects of Mn supplementation on the mechanical properties of the whole eggshells are shown in Table 3 . Compared with the control, dietary Mn supplementation was shown to increase the breaking strength and thickness of the eggshells when examined at wks 4, 8, and 12 and wks 8 and 12, respectively (P < 0.05). However, the fracture toughness, eggshell weight, shell ratio, and the shape index were unaffected by either form of Mn supplementation as compared with the control (P > 0.05).
The changes in the mechanical properties during eggshell formation in the hens were measured at the end of the experiment. Dietary Mn supplementation did not affect the elasticity of the shell membranes of eggs at 5 and 9.5 h PO (P > 0.05, Table 4), whereas both types of Mn supplementation increased the breaking strength of the calcified shells of eggs at 18.5 and 22.5 h PO compared with the control (P < 0.05). Table 5 shows the effects of dietary Mn supplementation on ultrastructure of the whole eggshells at the end of the experiment. Compared with the control, dietary Mn supplementation decreased the mammillary knob width (P < 0.05). The mammillary thickness decreased only in the organic Mn treatment (P < 0.05), and the effective thickness increased only in the inorganic Mn treatment (P < 0.05). However, the proportion of the mammillary and effective thickness with respect to the total thickness were significantly decreased and increased, respectively, in both inorganic and organic Mn treatments (P < 0.05). Neither type of Mn supplementation affected the total thickness of the whole eggshells (P > 0.05).
Ultrastructure of the Whole Eggshell and Partially Formed Eggshell with PO Time
The effects of dietary Mn supplementation on ultrastructural changes during eggshell formation in the hens at the end of the experiment are shown in Table 6 . SEM images of the membranes or calcified eggshells at the 4 formation stages are shown in Figure 1 . Compared with the control, both types of Mn supplementation increased the density of the nucleation sites on the membrane at 5 h PO and the mammillary knob density at 9.5 h PO (P < 0.05). At 18.5 h PO, the thickness and width of the knobs in the mammillary layer were decreased for both Mn treatments compared with the control (P < 0.05), but no difference was observed in the effective thickness (P > 0.05). At 22.5 h PO, the diet supplemented with Mn decreased mammillary knob width, and increased total thickness compared with the control (P < 0.05). Supplementation with either form of Mn did not affect mammillary thickness compared with the control (P > 0.05), and the effective thickness was increased only in the inorganic Mn treatment (P < 0.05); however, the proportion of the mammillary and effective thickness with respect to the total thickness were decreased and increased, respectively, for both Mn treatments compared with the control (P < 0.05).
DISCUSSION
Several studies have reported that Mn supplements in the feed of laying hens do not affect their laying performance (Mabe et al., 2003; Yildiz et al., 2010; Xiao et al., 2014 Xiao et al., , 2015 , and these results are consistent with our current study that the egg production, average egg weight, ADFI, and the feed conversion ratio of the hens were unaffected by dietary Mn supplementation.
However, we found that supplementation of inorganic and organic Mn increased the breaking strength and thickness of the eggshells without affecting fracture toughness, eggshell weight, shell ratio, and egg shape index, which are mostly consistent with those of other studies (Mabe et al., 2003; Xiao et al., 2014 Xiao et al., , 2015 . Although lots of studies performed to date have suggested that dietary Mn supplementation has a positive effect on shell strength and thickness, the studies disagree about the effect of Mn supplementation on fracture toughness, which may be a consequence of different amounts of Mn contained in the basal diet and the ages of hens. In the current study, the eggshell weight and ratio were not affected by dietary Mn addition, which suggests that the positive effects of Mn on eggshell quality may not be a consequence of the increased shell weight. The increased strength and thickness of the eggshells from hens receiving Mn supplements were mainly a consequence of the ameliorated shell ultrastructure, which others also have noted (Stefanello et al., 2014; Xiao et al., 2014) . Notably, in our present study we showed that the addition of Mn in the feed-120 mg Mn per kg feed from monohydrate Mn sulfate or 80 mg per kg feed from an amino acid-Mn complexpositively affected shell strength and thickness in laying hens. During the process of eggshell formation, the elasticity of the shell membranes in the nucleation and initial deposition stages was not affected by dietary Mn supplementation, whereas the supplementation increased the breaking strength of the calcified eggshells during the linear and termination deposition stages, suggesting there is a cumulative effect on shell strength during shell formation caused by dietary Mn addition.
The crucial effect of the eggshell ultrastructure on its quality has been well documented (Van Toledo et al., 1982; Brackpool, 1996; Rodriguez-Navarro et al., 2002) and the ultrastructure has recently gained attention as an important parameter when evaluating eggshell quality (Stefanello et al., 2014) . In the present study, we observed that both forms of Mn supplementation improved eggshell ultrastructure by increasing its effective thickness, decreasing its proportion of mammillary thickness, and producing smaller mammillary knobs on the membrane. The results are similar with a study by Xiao et al. (2014) , who observed that diets supplemented with 100 mg/kg Mn from an inorganic source could decrease the size of mammillary cones and cracks in the outer surface. The decreased mammillary thickness in Mn added treatments partly due to the early fusion of the forming mammillary knobs through a reduction in the penetration of intermammillary clefts into the calcified eggshell, and contribute to strong eggshells (Parsons, 1982) . The decreased width of the knobs indicates that the calcite crystals are smaller in size and, therefore, can be more closely spaced, so as to improve the breaking strength of the eggshells (Ahmed et al., 2005; Xiao et al., 2014) . Compactly arranged mammillary knobs and calcite crystals can inhibit the growth of small and stable micro-cracks (Macleod et al., 2006) . In addition, the thickness of the palisade layer and the organization of the calcite crystals in this layer is a major determinant of shell strength and resistance to breakage (Radwan et al., 2010; Radwan, 2016) . Therefore, dietary Mn addition may improve shell ultrastructure by decreasing the size and thickness of mammillary knobs, and increasing calcite deposition in the effective layer of the eggshell. By doing so, these processes should improve the thickness and breaking strength of the eggshells.
Calcite crystals grow from their nucleation sites to form the mammillary and palisade layers (Arias et al., 1993) . We found that both types of dietary Mn supplementation increased the density of the nucleation sites and mammillary knobs and affected the deposition of calcite crystals, which contributed to decreasing the proportion of the mammillary layer and increasing the effective and total thickness of the eggshells, indicating that dietary Mn supplementation affected the shell ultrastructure in a positive manner throughout its formation. Our previous study observed that the sulfate glycosaminoglycans in the eggshell could affect the shell ultrastructure with Mn supplementation in hens' diet Zhang et al., 2017) . The effect of Mn on the nucleation site density is probably a consequence of interactions between Mn and keratin sulfate on the membrane (Fernandez et al., 2001; Xiao et al., 2014) , as keratin sulfate has been shown to be involved in the deposition of calcite at the first nucleation sites (Arias et al., 1992; Nys et al., 1999) . In addition, the effect of Mn on calcite deposition in the mammillary and palisade layers may be a consequence of highly sulfated proteoglycans (dermatan sulfate) in the eggshell (Longstaff and Hill, 1972; Leach and Gross, 1983) . The regulation on keratin and dermatan sulfate in the eggshell by dietary Mn addition is partly due to the positive effect on the glycosyl transferase, which is involved in the formation of proteoglycans . Furthermore, numerous studies have reported that the matrix proteins play key roles in eggshell formation and affect the size and orientation of the calcite crystals in eggshell (Roberts, 2004; Nys et al., 2004; Gautron et al., 2012) . Xiao (2014) used the proteomics to analyze the protein expression in the eggshell and found that dietary Mn supplementation increased the expression of 6 kinds of proteins, which were closely related to the eggshell formation. However, little research has reported the specific relation of matrix proteins and Mn in the diet so far. Thus, the effect of Mn addition on eggshell ultrastructure is possibly due to the changes of the matrix proteins in the eggshell gland, but it warrants further study.
Mammillary and palisade layers are the major structure of the eggshell. The weak eggshells with normal thickness have an abnormal ultrastructure, which usually is reflected as a poorly formed mammillary layer (Bennett et al., 1988) , and the micro-cracks in the eggshell begin on its inner surface as the mammillary knobs separate (Macleod et al., 2006) . Changes in the mechanical properties of different avian eggshells have mostly been related to specific differences in the structure of the mammillary layer (Panheleux et al., 1999) . These studies imply that the mammillary layer appears to be one of the most important portions of the eggshell affecting its quality. The palisade layer is the thickest part of an eggshell and contributes to shell thickness and strength in hens (Fathi et al., 2007) . In addition, the early fusion of the forming mammillary knobs and small column size in the palisade layer are key factors to eggshell strength (Parsons, 1982) . Thus, the changes of mammillary and palisade layers observed in the current study are both responsible for the improved shell strength affected by Mn. In addition, the mammillary layer forms the basement of the palisade and vertical layers of the eggshells (Bain, 1992) , and the column size in the palisade layer is regulated by the speed at which the mammillary knob coalesces (Parsons, 1982) . Therefore, the size and thickness of the mammillary knob may affect the deposition of calcium crystals in the palisade layer. In the current study, the size and thickness of the mammillary knob were both affected by dietary Mn supplementation, which may contribute to crystal deposition in the effective layer during the linear and termination deposition stages, and thus increase the effective and total thickness. In this respect, the mammillary layer may act as the most crucial component of ultrastructure affected by dietary Mn supplementation, but it needs further study. From the results obtained in the current study, it can be concluded that the mammillary and palisade layers are both crucial structures affected by dietary Mn supplementation.
In conclusion, dietary Mn supplementation can improve the breaking strength, thickness, and ultrastructure of the eggshells, and affect the breaking strength and ultrastructure of the shells throughout their formation. Dietary Mn supplementation can increase the nucleation site and mammillary knob densities, decrease the mammillary thickness, and increase the effective and total thickness in eggshell formation; the mammillary and palisade layers are both crucial structures affected by dietary Mn addition.
